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a b s t r a c t
In this paper, the polyaniline/attapulgite composite supported nano zero-valent iron (nZVI/PANI/
APT) composites were synthesized by one-step oxidation using Fe3+ as oxidant and iron source. 
nZVI/PANI/APT was used as a catalyst to activate persulfate (Ps) for the simultaneous removal of 
Cr(VI) and orange G6 (OG6) from aqueous solutions. The main factors (different composite mate-
rials, pH value, Ps concentration, etc.) affecting the removal performance of Cr(VI) and OG6 were 
evaluated as well. The experimental results revealed that the nZVI/PANI/APT composites can effec-
tively remove Cr(VI) and OG6 simultaneously at a relatively low Ps concentration, the removal effi-
ciencies of Cr(VI) and OG6 were 99.7% and 99.4% after 60 min, respectively. PANI/APT as the sup-
porter matrix could decrease the aggregation of nZVI and increase its reactivity. A good synergistic 
effect between Cr(VI) reduction and OG6 oxidation was achieved by nZVI/PANI/APT combined Ps 
system. nZVI not only can be as a reductant for removal Cr(VI) and OG6 but also play as a catalyst 
to activate Ps and generate radicals for the degradation OG6. The presence of persulfate could not 
significantly decline nZVI reactivity for Cr(VI) reduction but remarkably promote OG6 oxidation. 
Moreover, kinetic and thermodynamic analyses were used to study the removal process, and the 
possible removal mechanism of Cr(VI) and OG6 was discussed by using the UV-Vis spectrum and 
liquid chromatography-mass spectrometry techniques. The nZVI/PANI/APT-persulfate heteroge-
neous Fenton system combines the nZVI reduction with the Fenton-like oxidation, which can be 
used for the treatment of industrial wastewater containing heavy metal ions and organic dyes.
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1. Introduction

In recent decades, with the rapid development of 
industry, the co-existence of multiple contaminants is a 
common phenomenon in the actual wastewater, which 
greatly increases the risk to the environment and human 
health [1–3]. Among various pollutions, Cr(VI) and azo 
dyes (–N=N– unit as the chromophore) as two kinds of rep-
resentative pollutants which often originate from industrial 

sources of wastewater, such as leather tanning, photograph-
ic-film making, car manufacturing, petroleum refining due 
to their highly toxic, non-biodegradation and more poten-
tial carcinogenic risk must be cautiously used.

The main problem of these wastewater treatments is that 
these contaminates have significant differences in molecu-
lar structure, molecular weight, composition and toxicity 
[4], which has led to the inability of conventional adsor-
bents to simultaneously remove of organic compounds and 
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heavy metals meet emission standards. Biology, adsorption, 
chemical oxidation, visible light photocatalysis, advanced 
oxidation processes (AOPs) and other technologies have 
been widely used in the removal of complex pollutants in 
wastewater [5–8]. Recently, AOPs are considered to be an 
effective way for the degradation of organic dyes. Most 
AOPs generally used hydroxyl radical HO• (E0  =  2.8  V) as 
the main oxidant to remove toxic and refractory organic 
pollutants, while Fenton’s reagent persulfate (Ps), a strong 
two-electron oxidizing agent with a redox potential of 2.01 V, 
has examined to be efficient for removal dyes [9]. Moreover, 
activation of Ps by transition metal ions to generate reactive 
(SO4

•–) with a redox potential of 2.6 V [10–12] which can oxi-
dize most of the organic pollutants in water [13]. Commonly, 
Ps can be activated by transition metal ions such as CoxOy, 
MnO2, etc. to generate a stronger non-selective oxidant sul-
fate radical anions (SO4

•–) [14,15]. Among these activators, 
the Fe2+ aqueous solution is the most preferable application 
for environmental treatment since other metal ions are toxic. 
Azo dyes and Cr(VI) reduction by nano zero-valent iron 
(nZVI) has been reported to be one of the most promising 
treatment due to its high surface area and strong reductive 
capability. Although the chromophoric structure –N=N– of 
azo dye was currently cleavaged by nZVI commonly, it is 
difficult to make intermediate products of azo dyes degrade 
more non-toxic small molecules. The removal process may 
take more time or combine with the Fenton reaction [14]. 
There are some researches about the activation of persul-
fate by nZVI to generate sulfate radical anions to remove 
organic compounds in heterogeneous nZVI-Ps Fenton-like 
system [9,16] demonstrate that nZVI could slow the release 
of Fe2+, which can activate persulfate, producing sulfate 
radical anions oxidation to the removal of organic com-
pounds. The use of nZVI can overcome the shortcomings of 
Fe2+, and avoid the introduction of other anions. This het-
erogeneous nZVI-Ps system combines nZVI reduction with 
Fenton-like oxidation aroused more interest in the degrade 
organic pollutants and removes heavy metal ions [17].

Nevertheless, nZVI usually tents to aggregate inevita-
bly leading to the decrease of the reduced ability of nZVI 
and catalytic activity of Ps, and powder catalysts are dif-
ficult to separate from the treated water. To solve these 
defects, some supporting materials were introduced to 
improve the dispersion and stability of nZVI, and nZVI 
particles are supported or modified on substrates to change 
nZVI particle surface characteristics. Various types of sup-
ported or modified nZVI have been used for the removal 
of dyes and heavy metals, such as kaolinite-supported 
nZVI, bentonite-supported nZVI, sepiolite-supported nZVI 
and polymeric resin-supported, etc. [18–21]. Among these 
supporters, the clay mineral attapulgite (APT) can be used 
for the immobilization of nZVI due to its abundant, large 
surface area and adsorption capability [2]. APT is widely 
used as a low-cost adsorbent for the removal of metal ions 
and organic pollutants [22,23]. Despite the comparatively 
the low-cost of APT, APT still suffers from poor adsorption 
capacity and difficult to reuse. A feasible solution is to use a 
stable substrate with abundant active sites to combine clay 
nanomaterial to increase its adsorption efficiency [24,25].

Conductive polymer polyaniline (PANI) with linear 
macromolecule chains, has abounded amine and imine 

functional groups, which exhibit good adsorption of various 
pollutants and electrical conductivity [24]. In our previous 
study, PANI composites APT as supporters could effectively 
decrease the aggregation of zero-valent iron particles, and 
enhanced its reactivity and improving adsorption capacity 
for remove Cr(VI) and azo dye [26]. Moreover, as far as we 
know, there are few studies about the effectiveness of the 
nZVI/PANI/APT-Ps Fenton-like process in the removal of 
Cr(VI) and orange G6 (OG6) simultaneously in literature. 
Therefore, it appears significant to investigate the removal 
efficacy for specific pollutants of the novel composites.

In this study, PANI/APT composite carrier was used 
to support and modify nZVI, and simultaneous removal 
performances of Cr(VI) and OG6 by nZVI/PANI/APT com-
posite in the presence of Ps were investigated at various con-
ditions. The effect of Ps in the system was elucidated and the 
proposed degradation pathways of Cr(VI) and OG6 were 
also analyzed. In addition, the experimental parameters of 
adsorption thermodynamics and kinetics models provided 
the basis for the removal mechanism analysis. The research 
combines the reduction of nZVI with the Fenton oxida-
tion reaction, removal of Cr(VI) and azo dyes by nZVI 
reduction, and slowly releases Fe2+. The Fe2+ activated per-
sulfate decomposes to produce strong oxidizing sulfate 
radical anions, and oxidative degradation of the organic 
dye OG6. We try to develop a novel composite to remove 
efficiently heavy metals and organic dyes simultaneously.

2. Experimental setup

2.1. Materials

Attapulgite (99%, APT) (JC-J503) was purchased from 
Jiangsu Xuyi Nano-Materials Science and Technology Co., 
Ltd., China. All chemical reagents (NaBH4, H2SO4, HCl, 
NaOH and FeCl3·6H2O) used in this study were of AR grade. 
FeCl3·6H2O was purchased at Tianjin Shuangchuan Chemical 
Reagent Factory, China. Aniline was supplied by Sinopharm 
Chemical Reagent. OG6 was offered by the Shanghai Yuanye 
Biotechnology Co., Ltd., China.

2.2. Preparation of nZVI/PANI/APT and nZVI/APT

The nZVI/PANI/APT composite was synthesized by a 
one-step oxidation method using APT as a dispersant. In 
a 250  mL beaker, 1  g of APT was ultrasonically stirred in 
80 mL of distilled water for 20 min at first, and then 7.24 g 
of FeCl3·6H2O was added to dissolve it and 0.8 ml of ani-
line was quickly added under magnetic stirring, which 
was stirred for 5 min and then let stand for 24 h. The above 
mixture was added to a 250 mL three-necked flask, and a 
freshly prepared sodium borohydride solution (1.89 g dis-
solved in 100  mL of distilled water) was added dropwise 
under a nitrogen atmosphere. After completion of the drop-
wise added, stirring was continued for 20  min, suction 
filtration, washing three times with absolute ethanol, and 
vacuum drying at 65°C for 12 h to obtain an nZVI/PANI/APT 
composite material. The preparation process of the nZVI/
APT composite material was the same as described above 
except that no aniline was added, and nZVI was prepared 
under identical conditions but without APT and aniline.
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2.3. Experimental procedures and analytical methods

Sixty milliliters of a mixture of Cr(VI) and OG6 with an 
initial concentration of 30 mg L–1 was placed in an Erlenmeyer 
flask to adjust the pH of the solution to 3 (adjusted by 0.1 M 
hydrochloric acid and 0.5  M sodium hydroxide solution). 
The adsorbent nZVI/PANI/APT was added to an amount 
of 60  mg and the persulfate concentration was 2  mM. The 
mixture was shaken in a gas bath thermostat for 120  min 
at temperature 298  K. The reaction solution was filtered 
through a filter at regular intervals. As shown in Table 1, the 
concentration of Cr(VI) was determined by the 1,5-diphenyl-
carbazide colorimetric method monitoring the absorbance 
at 540 nm in acidic solution with a UV-Vis spectrophotom-
eter. The concentration of dye OG6 was measured using a 
UV-Spectrophotometer at λ = 475 nm. Although the charac-
teristic peaks of Cr(VI) (540 nm) and OG6 (475 nm) are adja-
cent, the concentration of Cr(VI) and OG6 measured with an 
UV-Spectrophotometer is accurate. As shown in the curve 
of Fig. S1 in the supplementary information, it is the UV-Vis 
spectrum of OG6 and Cr(VI) alone and before the reaction 
of the mixture. In this study, the persulfate solution 1–4 mM 
was prepared, compared to the removal efficiencies of 
OG6 and Cr(VI) when the presence or absence of persulfate.

The removal efficiency of the contaminant and adsorp-
tion capacity was calculated by the following equations:

R
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t%( ) = −
×0

0

100 	 (1)

q
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m
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t=

−
×0 	 (2)

where R(%) is the removal efficiency of the pollutants; 
qt is the adsorption capacity of the dye at t min; C0, Ct are 
the initial concentration of the pollutant solution and 
the concentration at t min (mg  L–1); V is the volume of the 
adsorbate solution (L); m is the mass of the adsorbent (g).

In order to provide some instructions through testing, we 
conducted the following tests on the simple of nZVI/PANI/
APT: Scanning electron microscopy (SEM) images, X-ray 
photoelectron spectroscopy (XPS) spectra, transmission 
electron microscopy (TEM) images, X-ray diffraction (XRD) 

patterns were respectively obtained on a JSM-6701F (JEOL, 
Japan), a K-alpha ESCALAB 250Xi instrument (Therm 
Fisher-VG Scientific, USA), with Al Kα radiation as the exci-
tation source, which the binding energies were corrected for 
specimen charging by referencing C 1s (284.8  eV), a JEM-
1200EX (FBI, America) and D/MAX-2400X (Rigaku, Japan). A 
nitrogen adsorption–desorption isotherm at 77 K was mea-
sured on an ASAP 2020 absorption analyzer (Micromeritics, 
America), from which the specific surface area and the pore 
size distribution of the samples were deduced using the 
Brunauer–Emmett–Teller (BET) method and the Barrett–
Joyner–Halenda method. LC-MS identified OG6 degrada-
tion products. The capillary column is a reversed-phase col-
umn C-18 (100 mm × 2.8 mm). The particle size of the pack-
ing is 3 μm. The mobile phase is a mixture of acetonitrile-wa-
ter and its gradient elution range from 20/80 (v/v) to 80/20 
(v/v) by stepwise change. The flow rate of the eluent was 
0.08 mL min–1, and the sample injection volume was 20 μL. 
The MS analysis was set in the negative ion scanning mode 
with a range of 50–500 m/z. The above is the general proce-
dure of liquid chromatography-mass spectrometry (LC-MS).

3. Results and discussion

3.1. Characterization of synthesized samples

The XRD patterns of the nZVI, nZVI/APT, and nZVI/
PANI/APT composites were shown in Fig. 1a. The nZVI 
showed a weak and a broad peak at about 2θ  =  44.6°, 
which corresponded to the (110) crystal plane of body-
centered cubic Fe0 [27], indicating nZVI was successfully 
prepared. The characteristic peaks of APT were at 2θ = 8.6°, 
26.6°, and 35.2° [28]. The high-intensity diffraction peak at 
2θ  =  31.2° which is attributed to quartz impurity of APT 
[29]. Meanwhile, the diffraction characteristic peaks of nZVI 
(2θ  =  44.6°), APT (2θ  =  8.6°) and PANI (20.76°) appear in 
the nZVI/PANI/APT composites [30], declaring that nZVI 
is already loaded on dispersant APT/PANI. Simultaneously, 
the new diffraction peak at 2θ  =  62.8° was corresponded 
to the (440) crystal planes of Fe3O4 [31], implying that 
the nZVI surface partly was oxidized to form iron oxide.

Fig. 1b shows the Fourier-transform infrared spec-
troscopy (FTIR) spectra of APT, PANI, nZVI/PANI/APT 

Table 1
General characteristics of Cr(VI) and OG6

Molecular weight λmax (nm) Structure

Orange G6 (OG6) 452.37 475
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Cr(VI) 294.21 540
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composites before and after reaction with OG6 and Cr(VI). 
The strong absorption peaks at 3,553 and 3,430 cm–1 belong 
to the –OH group in the APT, which are the stretch-
ing vibration peak of structural water and superficially 
adsorbed water [32,33]. The bulk structure of the APT 
was shown by the stretching vibration peaks at 1,046 and 
982  cm–1, which correspond to the Si–O–Si bond and the 
(Mg, Al) –Si–O stretching vibration, respectively [34]. From 
the spectra of nZVI/PANI/APT and PANI composites, it can 
be seen that the absorption peaks at 1,596 and 1,490  cm–1 
were attributed to the quinone structure C=C and the ben-
zene structure C=C in PANI, respectively. The absorption 
peaks at 1,300 and 1,135 cm–1 corresponds to benzoquinone 
structure C–N stretching vibration and quinone-type struc-
ture N=Q=N stretching vibration. The absorption peaks at 
1,583; 1,490 and 1,300 cm–1 were corresponded to the main 
structure of PANI [35,36]. After the reaction with OG6 and 
Cr(VI), the bands at 3,430; 1,596 and 1,049  cm–1 shifted to 
lower frequencies at 3,413; 1,581 and 1,033  cm–1, respec-
tively, whereas the peak at 1,135  cm–1 slightly shifted to 
a high-frequency band at 1,149  cm–1. These changes indi-
cated that these groups have an effect on the removal of the 
OG6 and Cr(VI).

The surface morphology images of the nZVI and nZVI/
PANI/APT composites were evaluated by TEM. As shown 
in Fig. 2a, it has shown that spherical nZVI particles seri-
ously aggregate and form prominent chain-like aggregates 
because of the magnetism reaction between the particles 
and the surface tension. The nZVI granules in Fig. 2b were 
obviously dispersed, nZVI coated on PANI sheets was well 
dispersed on the surface of APT and the size of the particles 
was in the range of several nanometers. The result demon-
strated that APT/PANI as a support material was effective 
in reducing the aggregation and improving the dispersion 
of nZVI.

Figs. 2c and d exhibit SEM images of the APT/PANI and 
nZVI/PANI/APT composite, respectively. As can be seen 
from Fig. 2c, the rod-like structure of the APT was uniformly 
dispersed and the rough and porous surface was coated 

with PANI. Fig. 2d shows that the nZVI particles wrapped 
with PANI intertwined together and adhered to the surface 
of rod-like APT. The obtained result was consistent with the 
TEM images.

The XPS spectrums of nZVI/PANI/APT composites before 
and after reaction with pollutions were performed in Fig. 3. 
The peaks at 709.7 and 719.2 eV were belonging to the Fe0, 
indicating the composites nZVI/PANI/APT were success-
fully synthesized. The photoelectron peaks at 711.0 and 
712.6 eV are the 2p3/2 binding energy of iron oxide Fe(II)/
Fe(III) and Fe(III), and 724.9 eV is the 2p1/2 binding energy 
of iron oxide Fe(III). The Fe(III) and Fe(II) was existence to 
confirm that parts of nZVI were oxidized before reaction and 
form a thin protective layer on the adsorbent surface. After 
the reaction, the peak at the 709.7 eV was disappearing and 
the peak at the 719.2 eV was significantly weakened to indi-
cate nZVI participated in the removal of OG6 and Cr(VI). 
Meanwhile, the percentage of iron decreased from 23.62% 
before the reaction to 6.11%, which once again declare the 
nZVI was playing an important part in the reaction pro-
cess. The peaks at 581.5 and 590.82 eV corresponded to the 
Cr(VI) 2p and the peaks at 577.5 and 587.2 eV belonged to 
the Cr(III) 2p, which indicated that Cr(VI) was converted to 
Cr(III) during the reaction process [37]. And also the total 
peak intensities of Cr(VI) were 5.8% and the Cr(III) was 
94.2%. All the results indicated that Cr(VI) was adsorbed 
on the surface of APT/PANI and reduced to Cr(III) by nZVI.

In order to demonstrate the dispersion of nZVI after 
supported by APT/PANI, N2 adsorption–desorption was 
studied and displayed in Table 2. SBET of nZVI, nZVI/APT, 
and nZVI/PANI/APT were 17.51, 54.2, and 130.48  m2  g–1, 
respectively. Compared with nZVI, SBET of nZVI/PANI/
APT was almost 7 times more than nZVI, confirming that 
coating nZVI with APT/PANI immensely increased the 
surface area. Moreover, the pore volume of nZVI/PANI/
APT was much higher than that of nZVI and nZVI/APT. 
These results suggested that the processing of loading APT/
PANI increased the surface area and effectively improved 
the dispersion of nZVI. All these characteristics will 
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Fig. 1. (a) XRD patterns of nZVI, nZVI/APT and nZVI/PANI/APT and (b) FTIR spectra of APT, PANI, before and after 
reaction nZVI/PANI/APT with Cr(VI) and OG6.



357H. Xu et al. / Desalination and Water Treatment 209 (2021) 353–366

promote pollutant removal efficiency, which mainly due to 
the porous structure of APT and improvement dispersion 
of nZVI.

3.2. Parameters affecting removal of Cr(VI) and OG6

3.2.1. Removal of Cr(VI) and OG6 by different 
synthesized samples

At 298  K, the concentration of persulfate was 2  mM, 
the effects of synthesized samples nZVI, nZVI/APT, and 
nZVI/PANI/APT on removal Cr(VI) and OG6 were shown 
in Fig. 4. As presented in Fig. 4a, the removal efficiencies 
of Cr(VI) by nZVI/APT and nZVI/PANI/APT were more 
than 95.0% after 90  min, while only 41.1% by nZVI. The 
results indicated that the reactivity of nZVI can be obvi-
ously improved since PANI/APT or APT could as supporter 
material to prevent nZVI from aggregation. The removal 
of Cr(VI) is mainly due to the redox reaction of nZVI and 
Cr(VI) in an acidic environment to cause decomposes into 
less toxic Cr(III) via Eqs. (1) and (2) [18]. As shown in Fig. 

4b, the removal efficiencies of OG6 by nZVI, nZVI/APT and 
nZVI/PANI/APT were 95.3%, 98.3%, and 99.4% after 90 min, 
respectively. It was observed that the removal efficiency 
of OG6 by nZVI/PANI/APT was highest; suggesting that 
nZVI/PANI/APT in the presence of Ps exhibited a high reac-
tivity toward OG6 oxidation. The high removal efficiency 
may be attributed to that nZVI reacts with Cr(VI) to pro-
duce Fe2+ under acidic conditions, and then Fe2+ can activate 
persulfate to produce sulfate radical anions, which further 
oxidize and degrade OG6 to mineralize into some inor-
ganic compounds [11]. In addition, OG6 may be reduced 
by nZVI/PANI/APT, where nZVI was first oxidized and 
provided electrons, and then the dye molecule accepted 
electrons to break the –N=N– bond, thereby destroying the 
chromophore of the dye molecule for decolorization [16,34].

3.2.2. Effect of pH on the removal of Cr(VI) and OG6

The pH value of the solution is the main factor 
affecting the removal of Cr(VI) and OG6 and controlling the 
catalytic activity of Ps. The impact of pH on the removal of 
Cr(VI) and OG6 using nZVI/PANI/APT in the presence of 
Ps is shown in Fig. 5. When the reaction time was 60 min, 
the removal rate of Cr(VI) was close to 100% at pH  =  3. 
The removal rate of Cr(VI) decreased at the pH range 
of 3–7, but a dramatic increase occurred at a pH range of 
7–10. Approximately over 94.0% of Cr(VI) was removed 
after 60  min at a pH range of 3–4, whereas only 79.8% of 
Cr(VI) removal was obtained at pH  =  10, which indicates 
that a strong acidic medium is a benefit to removal Cr(VI). 

Fig. 2. (a) TEM images of nZVI, (b) nZVI/PANI/APT composites, (c) SEM images of APT/PANI, and (d) nZVI/PANI/APT composites.

Table 2
BET data of the synthesized samples

Samples SBET (m2 g–1) V (m3 g–1) D (nm)

nZVI 17.51 0.045 10.39
nZVI/APT 54.20 0.132 9.76
nZVI/PANI/APT 130.48 0.267 8.19
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Table 3
Adsorption kinetics parameters of Cr(VI) and OG6

Adsorption  
(mg L–1)

OG6 C0 (mg L–1) Cr(VI) C0 (mg L–1)

50 100 150 50 100 150

Pseudo-first-order

k1 0.0498 0.0361 0.0374 0.0495 0.0324 0.0211
qe 3.2572 7.5710 58.981 0.0985 6.8584 4.3636
R2 0.8863 0.9243 0.8400 0.0714 0.9869 0.9634

Pseudo-second-order

k2 0.0339 0.0114 0.00103 0.5768 0.0115 0.01468
qe 49.875 98.814 152.439 49.925 100 143.47
R2 1 0.99998 0.99704 1 0.99994 0.99995

Intraparticle diffusion

kid 0.36838 0.91616 6.73952 0.03392 0.7538 0.54087
Ci 46.4156 89.8709 82.60837 49.7215 92.1957 137.832
R2 0.67054 0.82085 0.83265 0.24373 0.98736 0.97688
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In acidic conditions, the surface of PANI was protonated 
and Cr(VI) was mainly present in the form of HCrO4

–, 
Cr2O7

2– anions [38], which makes electrostatic adsorption 
between PANI and HCrO4

–, Cr2O7
2–. In addition, the redox 

reaction of nZVI and Cr(VI) in an acidic solution converts 
Cr(VI) to Cr(III), increasing the removal efficiency. When 
the pH  >  7, Fe2+, and Fe3+ form hydroxide precipitates 
to lower the amount of Fe2+ and Fe3+ in the solution, and 
promotes the redox reaction of nZVI and Cr(VI). So the 
removal rate of hexavalent chromium is slightly increased. 
It was observed that OG6 removal slowly decreased at 
pH = 3–7, followed by a sharp decrease in the pH range of 
7–10. The removal of OG6 reached the maximum (99.37%) 
at pH  =  3. This may be attributed to the more dissolved 
Fe2+ and electron production under acidic conditions. 
Dissolved Fe2+ could activate persulfate to generate more 
sulfate radical anions to oxidize OG6 [39]. In addition, 
more electrons could reductively cleave the –N=N– of 
OG6. Nevertheless, under neutral and alkaline conditions, 

Fe3+ and Fe2+ could form iron hydroxide on the surface of 
nZVI/PANI/APT, hindering the generation and release of 
Fe2+, while causing the removal efficiency decrease.

3.2.3. Effect of Ps concentration on OG6 and Cr(VI) removal

The differences among nZVI/PANI/APT and nZVI/
PANI/APT in the presence of Ps for the simultaneous 
removal of Cr(VI) and OG6 were investigated. As pre-
sented in Fig. 6a, the removal efficiencies of Cr(VI) alone 
without/with Ps were 97.8%, 70.1% after 90  min, respec-
tively. The lower removal rate of Cr(VI) in the presence of 
Ps indicated that Ps had a negative effect on the removal 
of Cr(VI) alone. It was mainly due to the consumption of 
nZVI by Ps oxidation and suppression of the reduction 
of Cr(VI). However, the removal efficiency of Cr(VI) alone 
by nZVI/PANI/APT was nearly equal to that coexistence of 
Cr(VI) and OG6 by nZVI/PANI/APT with Ps. From Fig. 6b, it 
is observed that removal efficiencies of OG6 alone without/
with Ps were 86.5%, 99.4% after 90 min, respectively, sug-
gesting that added Ps exhibited an important role toward 
the OG6 removal. Degradation of OG6 only involves the 
reduction of nZVI due to the absence of Ps, and when Ps 
are added, both nZVI reduction and free radical oxidation 
are involved in the OG6 removal resulted in the removal 
rate increases. It is interesting to note that the presence of 
Cr(VI) had no negative effect on the removal of OG6 by 
nZVI/PANI/APT combined Ps system. Furthermore, the 
removal efficiency of OG6 in coexistence OG6 and Cr(VI) 
by nZVI/PANI/APT combined Ps system was almost equal 
to that of OG6 alone. The result confirmed that the simul-
taneous removal of OG6 and Cr(VI) could be achieved by 
nZVI/PANI/APT composites in the presence of Ps. It was 
confirmed that there was a good synergistic effect between 
nZVI/PANI/APT and persulfate for removal of Cr(VI) and 
OG6. nZVI not only can be as a reductant for removal 
Cr(VI) and OG6, but also play as a catalyst to activate Ps 
and generate sulfate radicals for the removal of OG6.

The effect of Ps on the removal of Cr(VI) and OG6 is 
presented in Fig. 6c. When the Ps concentrations were 
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1–4 mM, the removal efficiencies of OG6 after 60 min were 
90.2%, 96.6%, 95.2%, 94.0%, and 92.9%, respectively. With the 
increase in the Ps concentration, the removal efficiency of OG6 
increased gradually, indicating that the increased amount of 
Ps could produce sufficient sulfate radicals to degrade OG6 
[39]. And when the concentration of Ps exceeded 2 mM, the 
removal efficiency of OG6 decreased gradually. It declared 
that the exceeded Ps were detrimental to the degradation of 
OG6 due to the sulfate radical anions self-scavenging [40]. 
In addition, the Fe2+ can react with sulfate radical anions, 
which consumes part of the sulfate radical anions lead to the 
removal rate of OG6 decrease. Moreover, Fig. 6c shows that 
the removal efficiency of Cr(VI) gradually decreases with 
the increase of Ps concentration when the reaction time is 
60 min, suggested that that the increase of Ps concentration 
had a negative effect on the Cr(VI) reduction. The increase 
of Ps concentration results in strengthening the inhibitory 
effect of persulfate on Cr(VI) removal. It is mainly due to 
the generated more sulfate radical anions as the increase of 
Ps concentration. Thus, the formed Cr(III) species would be 

reconverted into Cr(VI) by sulfate radical anions. In addi-
tion, the excess Ps can react with nZVI, which leads to the 
more consumption nZVI that is insufficient to remove Cr(VI).

3.2.4. Effect of nZVI/PANI/APT dosage and COG6/CCr(VI) 
concentration ratio on the removal of OG6 and Cr(VI)

The effect of dosage on the removal of OG6 and 
Cr(VI) after a reaction time of 60 min has been researched. 
The Cr(VI) and OG6 removal increased as the increase of the 
nZVI/PANI/APT dosage. When the nZVI/PANI/APT dosage 
exceeded 1.0 g L–1, the Cr(VI) and OG6 removal maintained 
nearly 97.7% and 98.8%, respectively. The main explana-
tion was that more nZVI/PANI/APT dosage would induce 
more active sites, and the reaction between nZVI/PANI/APT 
with Cr(VI) is more likely to occur. At the same time, the 
increased amount of nZVI/PANI/APT will produce more 
Fe2+ and react with persulfate to produce more sulfate radical 
oxidative degradation of OG6. Therefore, with the increase 
of dosage, the removal performance of OG6 also increased.
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The results of different concentrations of OG6 on the 
OG6 and Cr(VI) removal indicated that there were no sig-
nificant differences were observed in Cr(VI) and OG6 
removal within the COG6/CCr(VI) concentration ratio range 
of 1:3–4:3, suggesting that nZVI/PANI/APT had sufficient 
strong activity for removal Cr(VI) and OG6 completely at 
2.00  mM persulfate. It could be interpreted that when the 
Cr(VI) concentration kept constant, it could lead to the pro-
duction and consumption of Fe2+ remain the same level, 
and a limited amount of SO4

•– radicals were produced by 
Fe2+ activation of persulfate. Therefore, the OG6 removal 
performance has no corresponding increased.

3.3. Dynamics study

In order to study the control mechanism of the adsorp-
tion process, the different kinetic models were applied 
such as the pseudo-first-order, the pseudo-second-order, 
and intraparticle diffusion. The forms of the equations are 
respectively expressed by using Eqs. (3)–(5), respectively:

ln lnq q q k te t e−( ) = − 1 	 (3)

t
q k q

t
qt e e

= +
1

2
2 	 (4)

q k t Ct i= +id
1 2/ 	 (5)

where k1 (min–1) is the rate constant of pseudo-first-order 
model adsorption, k2 (g  (mg  min)–1) is the rate constant 
of pseudo-second-order model adsorption, qe (mg  g–1) 
is the adsorption capacity at equilibrium, qt (mg  g–1) is 
the adsorption capacity at time t, t (min) is contact time, 
kid (mg (g min1/2)–1) is the rate constant of intraparticle diffu-
sion kinetic models and Ci is the boundary layer thickness.

The results of the adsorption kinetics of the compos-
ite materials on OG6 and Cr(VI) are shown in Table 3. 
The results show that the correlation coefficient of the 
linear fitting of the pseudo-second-order kinetic model 
is high (R2 is close to 1), indicating that the pseudo-sec-
ond-order kinetic model is more suitable for interpreting 
composite materials than the pseudo-first-order kinetic 
model and the intraparticle diffusion model. Therefore, it 
can be concluded that chemisorption is a rate control step 
in the adsorption process of OG6 and Cr(VI). In addi-
tion, the equilibrium adsorption capacity (qe) calculated 
by the pseudo-second-order kinetic model is basically 
consistent with the experimental value.

3.4. Adsorption isotherms study

To understand the adsorption mechanism and inter-
actions between OG6 and Cr(VI) with nZVI/PANI/APT 
adsorbents, Langmuir, Freundlich and Temkin isotherm 
models are used to fit the adsorption equilibrium data. 
Prepare mixed solutions of OG6 and Cr(VI) with different 
initial concentrations (50–200  mg  L–1), add 0.10  g/100  mL 
adsorbent materials respectively, and oscillate for 2 h at 298, 
308, and 318 K, respectively. The equations are as follows:

1 1 1
q q bq Ce m m e

= + 	 (6)

ln ln lnq K
n

Ce e= +
1 	 (7)

q B A B Ce e= +ln ln 	 (8)

where qm (mg  g–1) is the calculated adsorption capacity at 
maximum, qe (mg g–1) is the experimental adsorption capacity 
at equilibrium, Ce (mg L–1) is the equilibrium concentration 
of the solution, K (L mg–1) is a Langmuir constant, A (mg L–1) 
is a Freundlich constant, B  =  RT/b, T is the absolute tem-
perature in Kelvin, R the universal gas constant (8.314  JK–1 
mol–1), A the equilibrium binding constant, and the constant 
B is related to the heat of adsorption.

The characteristics of the Langmuir isotherm can be 
expressed by the Langmuir separation factor (RL). The RL 
reaction is whether the adsorption process is favorable 
adsorption, and the formula is as follows:

R
bCL= +
1

1 0

	 (9)

The results of the adsorption isotherm equation of 
the nZVI/PANI/APT composite on OG6 and Cr(VI) are 
shown in Table 4. The results show that the Freundlich 
isotherm equation is more suitable for describing the 
adsorption process of OG6 and Cr(VI) from the correla-
tion coefficient R2 (R2 is close to 1), which means that the 
adsorption of OG6 and Cr(VI) on the nZVI/PANI/APT 
surface may be multi-molecular layer adsorption pro-
cess. The qm were 75.68 and 90.80 mg g–1 for the OG6 and 
Cr(VI) respectively when the temperature was 318 K.

3.5. Thermodynamic study

In order to better understand the effect of tempera-
ture on the adsorption of OG6 and Cr(VI) on composites, 
adsorption experiments at different temperatures (298, 
308 and 318  K, respectively) were carried out to study 
the change of thermodynamic parameters of OG6 and 
Cr(VI) adsorption process. The thermodynamic param-
eters are Gibbs free energy (ΔG°), enthalpy change (ΔH°) 
and entropy change (ΔS°). The temperatures (298, 308 and 
318 K, respectively) were carried out to study the calculation 
formula is as follows:

K
q
Cd
e

e

= 	 (10)

∆G RTK° = − ° 	 (11)

lnK H
RT

S
R

° =
°
+

°∆ ∆ 	 (12)

where qe is the adsorption capacity (mg  g–1) at the equilib-
rium of adsorption; Ce is the dye concentration (mg  L–1) 
at the equilibrium of adsorption; R is the ideal gas 
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constant (8.314  J  mol–1  K–1); Kd is the Langmuir constant 
(L g–1); T is the temperature (K).

Table 5 shows the calculation results of the thermody-
namic parameters of the composite material for the adsorp-
tion process of OG6 and Cr(VI). The results show that ΔG° 
is negative at different temperatures, indicating that the 
adsorption process of the complex on OG6 and Cr(VI) is 
spontaneous. At different temperatures (298, 308, and 318 K), 
the adsorption process of the composite on OG6 and Cr(VI) 
is an endothermic reaction, and the elevated temperature is 
favorable for the reaction.

3.6. Reusability of nZVI/PANI/APT

Regeneration of the nZVI/PANI/APT composite is also 
an important property for the removal of contaminants 
from wastewater for the evaluation of its practical usage 
performance. In this work, regeneration of the composite 
should be attained by 0.5 mol L–1 HCl, water washing and 
oscillation treatment. The reuse performance of nZVI/PANI/
APT on the removal of Cr(VI) and OG6 is shown in Fig. 7. 
After the nZVI/PANI/APT was reused for five times, the 
removal efficiency of Cr(VI) from 99.4% dropped to 11.4%. 
The main reason was that the loss of nZVI increased with 
the increase of the cycle of reuse and resulted in insuffi-
cient reactivity of the composite, therefore the removal rate 
of Cr(VI) would drop sharply. The removal efficiency of 
OG6 after regeneration of five times was still up to 73.4%. 
However, the amount of nZVI decreased, the dissolved Fe2+ 
still activated persulfate to produce sulfate radicals oxida-
tive degradation OG6.

3.7. Discussion of removal mechanism and OG6 degradation 
pathway

Fig. 8a illustrates the UV-Vis spectra before and after the 
reaction of OG6 and Cr(VI) with nZVI/PANI/APT in the pres-
ence of Ps. 475 nm corresponding to the maximum absorp-
tion peak of OG6, 350 nm corresponded to the absorption 
peak of dichromate (Cr2O7

2–), and 260 nm corresponds to the 
absorption peak of the HCrO4

– [5]. It can be seen from the fig-
ure that the characteristic peak of OG6 at 475 nm disappeared 
rapidly with the progress of the reaction, indicating that the 
chromophore group –N=N– in OG6 was broken, and small 
molecule compound was formed, which can be degraded by 
nZVI reduction or Fenton oxidation. The removal of Cr(VI) 
at 350 nm corresponded to the characteristic peak of Cr2O7

2– 
that had substantially disappeared after the reaction. It was 
mainly due to the redox reaction of Cr(VI) with nZVI under 
acidic conditions, in which Cr(VI) was the main electron 
acceptor. The characteristic peak of HCrO4

– at 260 nm quickly 
diminished with the reaction, indicating that the hexavalent 
chromium ion present in the aqueous solution in the form of 
chromate was degraded.

In the study, besides nZVI reduction, the removal of 
OG6 was also caused by the oxidation of producing sulfate 
and hydroxyl radicals with activated Ps. In order to research 
the effect of sulfate radicals and hydroxyl radicals on the 
oxidative degradation of OG6, tert-butanol was used as a 
scavenger for sulfate radicals and hydroxyl radicals, respec-
tively, and ethanol was used as a hydroxyl radical scaven-
ger [41,42]. Preparing the molar ratio of OG6 to ethanol 
(or tert-butanol) was 1:50 to study the effect of scavenging 

Table 4
Adsorption isotherm parameters of Cr(VI) and OG6

Model Parameters Temperature (K)

298 308 318

OG6 Langmuir qmax 163.7 196.1 202.0
b 0.2071 0.3597 0.5087
RL 0.023 0.013 0.009
R2 0.967 0.861 0.935

Freundlich K 53.98 63.42 75.68
n 3.797 2.945 3.073
R2 0.987 0.999 0.986

Temkin A 1.43 × 10–22 3.28 × 10–29 1.77 × 10–36

B 0.040 0.029 0.029
R2 0.9097 0.9538 0.8810

Cr(VI) Langmuir qmax 169.8 188.0 193.4
b 2.1418 0.9981 1.1610
RL 0.002 0.005 0.004
R2 0.935 0.956 0.944

Freundlich K 104.39 94.25 90.80
n 5.857 4.298 4.136
R2 0.948 0.986 0.978

Temkin A 3.05 × 10–51 1.11 × 10–46 7.29 × 10–45

B 0.054 0.040 0.038
R2 0.8474 0.8910 0.8765
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on the removal of OG6 and Cr(VI). As shown in Fig. 8b, it 
can be seen that the removal efficiency of OG6 was 95.4% 
at 20  min without the addition of scavengers and almost 
has reached equilibrium, while the removal efficiencies 
were 84.9% and 77.3% when ethanol and t-butanol were 
added. The equilibrium time for OG6 removal was sig-
nificantly longer, and the removal efficiency of OG6 was 
also obviously decreased. The results showed that the 
sulfate radicals played a role in the removal of OG6, and 
the hydroxyl radical was also produced. It further con-
firmed that nZVI reduction and free radical oxidation were 
involved in the OG6 removal. The scavenger agent had no 
effect on the removal of Cr(VI), and it indicated that the 
removal of Cr(VI) was mainly the reduction of nZVI.

In order to analyze and identify the intermediates of 
degradation of OG6 in the nZVI/PANI/APT-Ps heteroge-
neous system, the intermediate products after OG6 deg-
radation was determined by high-performance LC-MS. 
Many different m/z fragments appear in the mass spectrum 
was helpful to identify the degradation intermediate for-
mation of OG6 and confirmed the oxidative degradation 
properties of the nZVI surface. The degradation pathway 
of OG6 was further analyzed as shown in Fig. S2. Since 
OG6 was oxidized degraded to produce more intermedi-
ate products, the main intermediates analyzed by LC-MS 
were m/z  =  194.08 (C10H10O4), m/z  =  160.18 (C10H8O2), 
m/z  =  118.09 (C4H6O4), m/z  =  96 (SO4

2–), m/z  =  90 (C2H2O4), 

m/z  =  62 (NO3
–) and m/z  =  60 (C2H4O2). The relative inten-

sity of m/z  =  96 (SO4
2–) was the highest, mainly due to the 

reaction of persulfate with nZVI and Fe2+ to produce SO4
2–. 

According to the test results and related literature reports 
[5,43,44], a possible pathway for OG6 degradation was pro-
posed. In the first step, OG6 cleaved the azo bond under 
nZVI and free radicals to form aniline (2) and 7-hydroxy-
8-amino-1,3-naphthalene disulfonate (3). In the second step, 
the aniline was oxidized to a phenol derivative and further 
oxidized to benzoquinone (6). Further, the 7-hydroxy-8-
amino-1,3-naphthalene disulfonate was subjected to desul-
fonation and oxidation to form 1,2-dihydroxynaphthalene 
(7). In the third step, benzoquinone was oxidized and ring-
opened to form succinic acid (8) and maleic acid (9), and 
1,2-dihydroxynaphthalene could be further oxidized to form 
1,2-naphthoquinone (10). In the fourth step, succinic acid 
and maleic acid were oxidized to acetic acid (11) and oxalic 
acid (12), respectively. In addition, 1,2-naphthoquinone was 
oxidative cleaved to form 2,2′-(1,2-phenylene)-diacetylacetic 
acid (13). Finally, the above organic compound can be min-
eralized into an inorganic compound (H2O, CO2, SO4

2– and 
NO3

–) by a complicated degradation reaction.
On the basis of the results we analyzed above, the prob-

able mechanism of the simultaneous removal of OG6 and 
Cr(VI) by nZVI/APT/PANI combined with persulfate sys-
tem was proposed as follows (1–6): At first, OG6 and Cr(VI) 
were adsorbed onto PANI/APT surface and the oxide layer 
of nZVI, while Cr(VI) was reduced into Cr(III) and –N=N– 
bond of OG6 was breakage by nZVI reduction. In addition, 
the aqueous Fe2+ was more easily released into solution from 
the nZVI/PANI/APT at acidic conditions. Then generated 
Fe2+ in the reaction process can react with persulfate to pro-
duce sulfate and hydroxyl radicals, at the same time, SO4

•– 
can react with H2O to produce HO•. Finally, OG6 or the deg-
radation intermediates of OG6 are decomposed into smaller 
molecules by the strong oxidizing of sulfate and hydroxyl 
radicals.

5 14 2 2 3 70
7
2 3 2 3Fe Cr O H Cr Fe Fe H O2 2+ + → + + +− + + + + 	 (13)

2 4 2 20
2

2Fe O H Fe H O2+ + → ++ + 	 (14)

Fe H OG degradation products Fe+ + → ++ +2 6 2 	 (15)

Fe S O Fe SO SO2
2 8

2 3
4 4

2+ − + •− −+ → + + 	 (16)
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Fig. 7. Reuse performance of nZVI/PANI/APT on the removal of 
Cr(VI) and OG6.

Table 5
Adsorption thermodynamic parameters of Cr(VI) and OG6

C0 (mg L–1) T (K) Kd (L mg–1) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J mol K–1)

OG6 200
298 3.3125 –2.9674

39.9244 145.6177308 8.31641 –5.4242
318 14.1293 –7.0016

Cr(VI) 200
298 12.4147 –6.2407

2.3190 28.8623308 13.3532 –6.6367
318 13.4407 –6.8695
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SO H O HO HSO24 4
•− • −+ → + 	 (17)

SO /HO OG6 degradation products4
•− • + → 	 (18)

4. Conclusions

In this study, the nZVI/PANI/APT composite was pre-
pared by one-step oxidation of aniline with Fe3+ as an oxi-
dant and an iron source. The nZVI nanoparticles were 
loaded on the PANI/APT rod structure, which could effec-
tively disperse the nZVI particles and prevent them from 
agglomerating, thereby enhancing the reactivity of nZVI. 
Under pH  =  3 acidic conditions, the amount of composite 
was 1 g/L, and the concentration of Ps = 2 mM, the removal 
rates of Cr(VI) and OG6 after 60 min were about 99.7% and 
99.4%, respectively. The result indicated that the hetero-
geneous Fenton system had a good catalytic degradation 
effect on the mixed aqueous solution of heavy metal ions 
and organic dyes. The removal of Cr(VI) was mainly due to 
the reduction of nZVI, while the degradation of OG6 was 
mainly caused by the reduction of nZVI and oxidization of 
the free radical anions. The adsorption process of OG6 and 
Cr(VI) were fit well to the Langmuir model and the pseu-
do-second-order kinetic model, suggesting that adsorp-
tion was mainly a single-layer chemisorption process, and 
thermodynamic parameters estimated that the removal 
process was an endothermic and spontaneous process. 
The study showed that nZVI/PANI/APT combined persul-
fate system has great potential as an efficient adsorbent 
for water pollution containing heavy metals and organic 
compounds.
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Fig. 8. (a) UV-Vis spectra of Cr(VI) and OG6 at degradation before and after and (b) effect of radical scavengers on 
Cr(VI) and OG6 removal.
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Fig. S1. The proposed degradation pathway of OG6.
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Fig. S2. UV-Vis spectrum of OG6 and Cr(VI) alone and before the reaction of the mixture.
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